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O n land, seismic monitoring is one of the most widely used tools for characterizing volcanic cycles (1) . Seismic monitoring of submarine volcanoes, which account for ≥80% of Earth's volcanism (2) , is far more difficult because of the challenges of sustaining long-term observations and recovering instruments after an eruption (3). However, the volcanoes that form mid-ocean ridges erupt frequently with a uniform basaltic composition while also having shallow magmatic systems that can be imaged seismically at high resolution. These features make mid-ocean ridge volcanoes good targets for studies of eruption dynamics.
Calderas are important and complex features of many volcanoes. Most high-resolution constraints on the internal structure of the ring faults forming calderas come from geological studies of partially eroded calderas, and these have led to a long-standing debate about their orientation and configuration at depth (4, 5) . Earthquake observations at several locations support the existence of outward-dipping ring faults (6) (7) (8) (9) , but the only detailed seismic observation of the role of a ring fault in an eruption of a basaltic volcano comes from Bárdarbunga volcano, Iceland (10) . There the lateral propagation of a dike sourced from a 12-km-deep magma chamber led to the collapse of a subglacial caldera with slip on a subvertical ring fault.
Axial Seamount is the most prominent volcanic feature on the Juan de Fuca mid-ocean ridge and is formed by the intersection of the ridge with the Cobb-Eickelberg hot spot. The summit at 1400-m depth below sea surface is characterized by a shallow caldera measuring 8.5 km by 3 km (Fig. 1A) , which connects to rifts on the south and north flanks that form segments of the Juan de Fuca ridge. The caldera is underlain by a 14-km-long by 3-km-wide shallow magma and mush body with complex structure that is up to a kilometer thick, extends beyond both the northern and southern limits of the caldera, and is slightly offset to the east (11) . Diking-eruptive events in the southeast caldera and south rift in 1998 and 2011 were documented with seafloor pressure sensors (12, 13) and hydrophones (14, 15) . Although earthquake migration associated with dike propagation was observed for the 1998 eruption (14) , earthquake depths could not be constrained for these eruptions. The expectation of future eruptions motivated the deployment in 2014 of a multidisciplinary real-time cabled observatory on Axial Seamount (16) .
The cabled seismic network at the summit of Axial Seamount (Fig. 1) spans the southern half of the caldera, where the two prior recorded eruptions occurred, and comprises seven seismometers, two of which are colocated with hydrophones and bottom-pressure and tilt sensors (17) . Seismic data are available starting in November 2014, with time-corrected data streaming from late January 2015. In the first year of operation, nearly 200,000 local earthquakes were detected, and they show a temporal distribution (Fig. 2) that is similar to prior seafloor eruptions (3, 15) . Earthquake rates increase from <500 day Leading up to the eruption, the earthquakes are strongly correlated with tides ( Fig. 2) , with rates of seismicity about six times greater during the lowest tides than the highest tides ( fig. S1A ). This pattern can be attributed to the faults unclamping when the ocean loading is at a minimum (18) . There is no evidence that the triggering signal strengthens over the 5 months leading up to the eruption ( fig. S2 ), but it weakens substantially after the eruption (supplementary text and fig. S1B ), suggesting that it occurs primarily when the volcano is critically stressed (19) .
In the 3 months prior to the eruption,~60,000 earthquakes were located using double difference methods (20) . Most are small with a median moment magnitude (M w ) of 0.1, and only 35 have M w ≥ 2. Earthquakes are concentrated beneath the east and west walls of the caldera (Fig. 1,  fig. S3 , and movie S1), with about five times as many beneath the east wall. In cross section (Fig.  1C) , the earthquakes define outward-dipping fault zones extending from near the surface tõ 2-km depth. These zones dip at 60°to 70°, with the dip decreasing slightly at shallow depths. Many of the remaining epicenters are located near the southern and northern ends of the caldera and in a diffuse band of shallow seismicity that extends across the caldera just south of 45°57′N at a location that coincides with the southern boundary of the 2015 eruption (21) and a northward transition from a melt rich to crystal mush magma chamber, as it was imaged in 2002 (11) . The epicenters, thus, define a figure eight, with the southern ring more clearly depicted as a result of the station coverage ( Fig. 1B  and fig. S3B ).
For 6 hours preceding the start of the eruption, coincident with high tide, bursts of 7-to 10-Hz tremor are observed ( Fig. 3 and fig. S4C ) across the network, but are not coherent enough to locate. Tremor is not observed in the weeks before, or after, the eruption, and is thus inferred to indicate magma movement within the magma chamber before crustal rupture. At~04:20 UTC on 24 April, as the tremor ends, the rate and magnitude of seismicity start to increase. Over about 2 hours, the earthquake rate reaches a saturation level of 500 to 600 hour −1 , and the median magnitude increases from 0.5 to nearly 2, likely indicating the initiation of diking. At~05:30, tilt sensors start to detect slight deformation, with more rapid deformation at~06:15 (17) , including a flip in polarity as the seismicity suggests a dike propagation past the central caldera station (movie S2). Bottompressure signals, indicating the start of deflation, were observed at~06:00 to 06:30, with a notable increase in rate around~07:15 (17) (movie S2). Seismic energy levels peak between 06:00 and 07:30 and then decrease progressively through the day (Fig. 3) .
The cumulative distribution of hypocenters for the eruption is similar to that beforehand, with earthquakes concentrated near the east and west walls ( strike of southernmost eruptive fissures (21), suggesting that the fissure might be opening. After 07:00, they follow the strike of the east wall. Earthquakes for the remainder of the crisis occur beneath the whole east wall and on the west wall but are concentrated on the east wall south of the 2015 eruptive vents between 45°56.5′N and 45°57.5′N, where they are presumably associated with deflation.
Starting at 08:01 on 24 April, the seismic network recorded~37,000 impulsive events ( fig. S4B ) consistent with sound sources on the seafloor that propagate through the water column and are detected on the seismometers as a train of reverberations. Unlike the earthquakes, the times of explosions are not correlated with tides ( fig.  S7 ). These events are spatially closely associated with all the new lava flows (21) (Fig. 1A) . The first impulsive event was observed within the caldera with events then commencing successively on the flows to the north.
Impulsive acoustic signals from the seafloor associated with active lava flows have been reported from several locations (22) (23) (24) (25) and in deep-water locations have generally been attributed to the expansion of magmatic gases in Strombolian eruptions (24, 26) . The presence of pyroclastic ash deposits associated with the 2015 Axial eruption (21), coupled with the high CO 2 contents of some lavas from prior eruptions (27) , is consistent with the occurrence of similar explosions at Axial. However, the lava flows are also covered with numerous pits, which are interpreted as small steam explosions and may be the dominant source of explosive acoustic signals at this location (21) .
Whatever the mechanisms, the explosive signals start soon after magma reaches the seafloor (25) . The first detected explosion within the caldera occurred within an hour of the onset of rapid deflation, and earlier explosions may have been missed in the noise of the seismic crisis. The onset times on the north rift suggest that the dike propagated at a speed of 0.55 m/s (Fig. 3) . This is at the upper end of speeds observed in Iceland, Afar, and the Gulf of Aden (28) (29) (30) and faster than the speed of 0.23 m/s observed well down rift for the 1998 eruption of Axial Seamount (14) and thus is consistent with the rapid deflation observed for this eruption (17) . The summit network detected no earthquakes associated with dike propagation along the north rift, a result of a shadowing effect from the elongated magma chamber and high noise levels from nearby earthquakes. However, northward dike propagation is supported by observations on a single seismic station 20 km southeast of the caldera ( fig. S8 ). We infer that the dike started northwards around 07:15 at the outset of rapid deflation, taking <2 hours to reach the site of the first explosion on the north rift at 09:04. Explosions near the northern end of the 2015 lava flows continued until 21 May ( fig. S7 ), which coincides with the time the caldera started to reinflate (17) , lending further support to a mechanism that links the explosions to fresh lava reaching the seafloor and showing that the plumbing system of the caldera links to the north rift dike.
The fault structure in the caldera is consistent with analog models obtained from sandbox simulations of caldera collapse due to underpressure (31) (32) (33) , which show that with sufficient subsidence, an outward-dipping ring fault forms first, followed by a peripheral inward-dipping SCIENCE sciencemag.org 16 ring fault. At Axial Seamount, the outward-dipping normal fault zones were active both during inflation and syn-eruptive deflation and they project to the caldera floor~0.75 km inward from walls (Fig. 1C) . We infer that the caldera walls are formed by a second ring of inward-dipping normal faults, features that appear to be visible in seismic images (11) , that either deformed aseismically during this volcanic cycle or were not reactivated. The analog models predict that the outwarddipping faults nucleate near the outer margins of the magma chamber. The separation of the fault zones that we observe is consistent with the 3-to 4-km width of the magma chamber (11) , but the magma chamber is offset about 0.5 to 1 km east of the caldera. We speculate that the magma chamber may have migrated slightly eastward with the Cobb-Eickelberg hot spot melting anomaly since the caldera formed. Comparisons of natural calderas with analog models suggest that the formation of two sets of ring structures requires a ratio of caldera diameter to subsidence less than~14 (34) . For Axial Seamount, the maximum height of the walls (160 m) and short-and long-axis dimensions yield ratios of 20 and 50, respectively. However, the caldera may have undergone substantial magmatic infilling since its formation, implying that the ratios may have originally been lower.
The caldera substantially modulates the eruption. The north rift intersects the center of the north rim, but within the caldera and just to the north, the eruptive fissures are offset 2 km to the east (21) . We infer that beneath the caldera, a dike exited the side of the pressurized magma chamber where extensional stresses are highest (35) and followed a path of weakness coinciding with the eastern ring fault zone (Fig. 4) . The southward migration of earthquakes and change in the north-south tilt signal at the caldera center (17) (movie S2) are consistent with the propagation of a dike that stalled upon reaching the northern limit of the 1998 and 2011 eruptions. Almost certainly at the same time, when the seismic noise levels were too high to detect earthquakes outside the network, the dike also propagated north, essentially extending the trend of the Axial south rift. Once north of the caldera, but still within the footprint of the Axial magma chamber, diking stepped westward into the extensional north rift, forming a second dike (Fig. 4) . Although we cannot rule out that a single westward-stepping dike generated both the eruptions along the east wall of the caldera and the eruptions along the north rift (21), we prefer a model with two dikes tapping separate sections of the magma chamber. The eruption of north rift lavas with more evolved compositions (lower MgO) compared to the eastern caldera flows (21) is consistent with the dikes feeding these flows being sourced from different portions of the magma reservoir (Fig. 4) , and the distribution of eruptive fissures and lava flows (Fig. 1A) are consistent with an overlapping spreading center. Injection of magma into the outward-dipping ring fault can be accommodated by the subsidence of the central block, but broadly distributed subsidence associated with deflation will increase horizontal compressive stresses above the caldera. This likely explains why the caldera eruption was limited in volume and most of the magma was injected along the rift (21) .
At time scales on the order of a year, eruptions at Axial Seamount appear to be predictable based on a critical level of inflation (16) . Similarly, it is clear from this study and prior work (3, 14, 19) that high and increasing microearthquake rates and strong tidal triggering also foreshadow eruptions on mid-ocean ridges. On shorter time scales of days to weeks, it is not clear if there are notable geophysical precursors. The 2015 Axial eruption was not preceded by a short-term increase in tidal triggering ( fig. S2 ), and earthquake rates decreased noticeably in the 2 weeks beforehand (Fig. 2) . The only precursor appears to be tremor observed a few hours ahead of the seismic crisis (Fig. 3A) . For future eruptions at Axial, the development of the hydrothermal portion of the cabled observatory (16) will provide additional tools to search for precursory signals originating near the magmahydrothermal interface.
The 2015 eruption of Axial Seamount bears many similarities to diking events on both submarine (3, 14, 15, 25, 30) and subaerial (10, 28, 29) spreading centers, although in areas of thicker lithosphere, rifting episodes lead to larger earthquakes and often involve multiple dikes (28) (29) (30) because the magma chamber must refill multiple times to accommodate the spreading (36) . On land, in Iceland and Afar, the combination of seismic and geodetic data shows that the propagation of dikes over tens of kilometers is accompanied by subsidence above a deflating crustal magma chamber (10, 28, 29) and at Bárdarbunga volcano by the collapse of a caldera (10) . Because the Axial seismic network is compact and the ring faults are shallow, we are able to show that the outward-dipping inner ring fault also accommodates inflation prior to eruption. At Bárdarbunga volcano (10) and several other calderas (37), collapse occurs well after the onset of magma withdrawal, but at Axial, the onset of deflation and seismicity are coincident, supporting the inference that the dynamics of calderas are influenced by the depth of the magma chamber and the strength of preexisting ring faults (37).
sciencemag.org SCIENCE Fig. 4 Deformation of the ground surface at active volcanoes provides information about magma movements at depth. Improved seafloor deformation measurements between 2011 and 2015 documented a fourfold increase in magma supply and confirmed that Axial Seamount's eruptive behavior is inflation-predictable, probably triggered by a critical level of magmatic pressure. A 2015 eruption was successfully forecast on the basis of this deformation pattern and marked the first time that deflation and tilt were captured in real time by a new seafloor cabled observatory, revealing the timing, location, and volume of eruption-related magma movements. Improved modeling of the deformation suggests a steeply dipping prolate-spheroid pressure source beneath the eastern caldera that is consistent with the location of the zone of highest melt within the subcaldera magma reservoir determined from multichannel seismic results. S uccessful volcanic eruption forecasting is traditionally based on short-term (minutes to hours) increases in seismicity, surface deformation, or both during the time that magma is already moving toward the surface (1, 2). Successful forecasts made days to weeks in advance are much rarer because the patterns of geophysical signals are generally not clear or repeatable enough. However, some notable successes at volcanoes such as Mount St. Helens and in Iceland have been documented (3, 4) . Seven months in advance of an April 2015 eruption at Axial Seamount, we made a successful forecast that it would occur within a 15-month time window, on the basis of long-term deformation monitoring. The deformation measured during the 2015 eruption also provides important constraints on the location and depth of magma reservoirs and conduits.
Axial Seamount is a heavily instrumented submarine volcano that is part of the Ocean Observatories Initiative (OOI) Cabled Array (5, 6). Axial Seamount is distinguished from other submarine volcanoes in that it has a long-term volcano deformation time series that spans three eruptions. A combination of bottom pressure recorders (BPRs) and mobile pressure recorders (MPRs) (7-11) provided measurements of vertical deformation from 2000 to 2015. Both methods use changes in the overlying water pressure to detect vertical displacements of the seafloor with a resolution of~1 cm. BPRs record continuously to capture sudden events (such as eruptions) over minutes to days, but these instruments are not ideal for longer-term measurements because of sensor drift. MPR campaign-style surveys require a remotely operated vehicle (ROV) to deploy the instrument at seafloor benchmarks ( fig.  S1 ) and, after correcting for sensor drift, can document gradual deformation over months to years (9, 10) . MPR data can constrain BPR drift where the two are colocated. Autonomous, batterypowered BPRs have been used at Axial since the mid-1980s (12, 13) and, in September 2014, the OOI Cabled Array began providing real-time data from three BPR-tilt instruments (5, 6) . At the time of the 2015 eruption, three autonomous BPRs, three cabled BPRs, and 10 MPR benchmarks were deployed at Axial (Fig. 1 and fig. S2 ).
After the 2011 eruption at Axial Seamount (14), a time-or inflation-predictable model was proposed in which the volcano erupts at or near a threshold level of inflation (15, 16) . The 2015 eruption provided a test for this model and its usefulness in forecasting. The average linear rate of inflation measured at the caldera center between 2000 and 2010 was 15 ± 0.2 cm/year (Fig. 2) , with higher rates measured in the months after the 1998 eruption and before the eruption in 2011 (14) . After 2011, we initially expected the next eruption to occur in 2018 if the pattern of deformation repeated itself (14) . However, from continued monitoring we found that the rate of inflation increased substantially after the 2011 eruption. We observed that the average inflation rate at the caldera center was 61 ± 1.4 cm/year between August 2011 and September 2013 (Fig.  2) . A marked increase in the magma supply may explain the fourfold increase over the 2000-2010 inter-eruption rate (11) . Continuation of this higher rate of inflation during 2013-2014 was observed after a Monterey Bay Aquarium Research Institute autonomous underwater vehicle (AUV) collected repeat high-resolution bathymetry (17) and with data recovered from a prototype self-calibrating BPR (18) in August 2014. Thus, in September 2014, we revised our forecast that Axial would erupt sometime during 2015 (19, 20) . The expected eruption began on 24 April 2015, detected in real time by the OOI Cabled Array (21) .
This long-term forecast was unusually successful for any volcano (1, 2) . The level of inflation as the 2015 eruption began was only 30 cm higher than in 2011 (Fig. 2) . This observation supports the model of a pressure threshold in the shallow magma reservoir above which diking events are triggered, but it also suggests that the threshold may increase with time because of accumulating tectonic stress, as observed in Iceland and Ethiopia (22, 23) . Nevertheless, the volcanic system at Axial may be unusually repeatable due to the continuous magma supply and the thin ocean crust in a mid-ocean ridge setting. The increase in magma supply rate documented by the inflation data led to a marked decrease in the eruption 
